Abstract-In this paper, a compact reconfigurable tri-band bandstop filter (BSF) with sharp-rejection and high selectivity is presented. The proposed filter is based on a 50 Ohms microstrip feed line, six hexagonal metamaterial cells (HMCs) with different sizes and switches. The structure of the filter has seven different modes of operation characterized. A good agreement between the simulated and measured results is obtained. The results indicate that the proposed filter design, with overall size of 0.28λg × 0.17λg, is a good candidate for multiservice radios applications.
INTRODUCTION
In recent years, the demand for compact microstrip filters is growing due to the newly expanding microwave and mobile communication systems [1] [2] [3] [4] . In order to reduce the complexity and overall volume of such systems, compact and flexible structures like reconfigurable filters are used [5] [6] [7] [8] [9] [10] . One of the advantages of these filters is their aptitude to reconfigure in frequency, consequently, reducing the area allocated to the various radio frequency (RF) front ends for different wireless communication standards incorporated into the final product.
In the literature, various types of reconfigurable bandstop filters were proposed [11] [12] [13] . Therefore, the use of compact reconfigurable filters has become increasingly important. Diverse methods were used to obtain reconfigurable filters using diodes [14, 15] or based on electrostatic MEMS [16] . Some structures, each corresponding to a mode of operation with ideal switches, were realized as well in literature [17] . Moreover, several studies have been conducted to use the metamaterial in microwaves structures in order to change their characteristics [18] [19] [20] particularly in filters structures [21] [22] [23] .
In this paper, a novel compact reconfigurable tri-stopband BSF with sharp-rejection and high selectivity is designed, fabricated, and measured. The filter structure, printed on a Rogers RT5870 dielectric substrate with a relative dielectric constant of 2.33, thickness of 0.508 mm, and loss tangent of 0.0012, is composed of a 50 Ohms microstrip feed line and six hexagonal metamaterial cells (HMCs) with different sizes and switches. The proposed filter has seven different modes of operation characterized, mainly, into three types: single, dual, and triple stopbands. The simulation and measurement results are presented and discussed. The proposed reconfigurable tri-stopband BSF has acceptable results indicating that this type of filter is well suited for multiservice radios applications.
FILTER DESIGN AND CONFIGURATION

Hexagonal-Shaped Metamaterial Cell
A hexagon-shaped metamaterial cell (HMC) can be derived from a simple structure of the H-SRR used by [24] . The H-SRR and HMC geometries are described in Figures 1(a)-(b) , respectively. In Figure 1(b) , the HMC consists of one ring, which is the same as the outer ring of the conventional H-SRR with two arms mounted inside cell. This modification increases the electrical length which permits to achieve a miniaturization. In this case, the HMC dimensions are optimized in order to reject three distinct frequencies that are 3.6 GHz, next 5.2 GHz, and finally 5.8 GHz. The HMC is designed in a Rogers RT 5870 board with a thickness of 0.508 mm, dielectric constant of 2.33, and loss tangent of 0.0012. Table 1 presents the physical dimensions of the structure for three distinct frequencies, abbreviated by cell 1, cell 2, and cell 3. The two most important parameters in metamaterial cells modeling are actual effective permeability (μ) and tangent magnetic loss (tan δ). This loss is calculated by using the imaginary part of the permeability characteristics according to the following equation: tan δ = −Imaginary(μ)/Real(μ). Figure 2 illustrates the negative real part permeability characteristics of the HMCs at the frequencies of 3.5 GHz, 5.2 GHz, and 5.8 GHz. The design and analysis of the real part of the permeability produced by the cells are performed using the full-wave electromagnetic simulators CST microwave studio. It is evident from Figure 2 that the metamaterial effects are obtained due to the HMCs structure that exhibits a negative real part of permeability properties with narrow frequency bands at real (μ) equal to zero (as shown by dashed line). 
Tri-Stopband BSF Configuration
The layout of the suggested tri-stopband BSF is displayed in Figure 3 . The proposed structure consists of a 50 Ω microstrip line along with three pairs of HMCs of different sizes that are placed in cascade.
The three pairs of HMCs are arranged so as to have good coupling with the feed line. The filter dimensions are obtained and optimized using the CST software. Indeed, the initial dimensions were fixed as a first step, and then, according the aim of the work, they were optimized such that the structure provided three desired stopband frequencies. The negative permeability of each pair of HMCs produces a magnetic coupling with the feed line that starts to operate at distinct frequencies, as shown in Figure 5 . From Figure 5 , it can be seen that the simulated structure behaves as BSF which rejects three distinct frequencies; the first one corresponds to 3.64 GHz with a rejection level close to −16 dB, and the two others correspond to 5.25 GHz and 5.8 GHz with rejection levels close to −22.1 dB and −23.5 dB, respectively. Besides, near 0 dB insertion loss outside these bands is obtained.
To investigate the behavior of the proposed filter with tri-stopband characteristics, an equivalent LC circuit model is proposed in Figure 4 . In addition, each stopband can be modeled as a parallel LC resonance circuit. The equivalent capacitance C and inductance L can be calculated using Equation (1)
where f l and f u are lower and upper cutoff frequencies at −10 dB, and Z represents the input impedance of filter and can be obtained from the simulated results. The lumped components are optimized and tuned using ADS software to obtain the stopbands. The simulated S-parameters from the equivalent circuit and full-wave simulation are compared, as shown in Figure 5 . According to the comparison results, the provided circuit is applicative to the filter structure.
The current distribution of the simulated structure is presented in Figure 6 . One can clearly see that the current remains mainly concentrated and distributed along the HMC. The coupling distance has a considerable effect on the filter. When decreasing this distance, the coupling between cells increases significantly and leads to shifting of the resonant frequency. The design is optimized such that the cells work separately without coupling effect. This figure confirms the results obtained in the previous figure where each cell creates a stopband.
Switchable BSF Configuration
To achieve frequency reconfiguration, six switches are inserted into the gap between the two arms of each cell as shown in Figure 7 . In order to validate the reconfiguration mechanism by means of switches, the two operating states of the switch "ON/OFF" were modelled by the PRESENCE/ABSENCE of a perfect conductor strip of the same size as that of a real switch. The switch positions have been optimized to annul the operation bands when the latter is closed. The proposed reconfigurable filter has seven different modes of operation as revealed in Figure 8 . As seen from Figure 8 , if we deactivate each pair of HMCs, then the corresponding band of band-stop filter disappears without affecting the filter response of other frequencies.
An interesting property of metamaterial cell is its ability to concentrate electrostatic energy from the incident field in the regions where a capacity behavior is created. When an external magnetic field is applied to HMC in "OFF state" of the switch, it induces a current flowing on the metallic inclusion and creates a resonant frequency which is inversely proportional to the electrical length. On the other hand, when the switch is "ON", a resonant frequency disappears because of the absence of current.
Different configurations of the switches for each operating state are summarized in Table 2 . 
EXPERIMENTAL VALIDATION: RESULTS AND DISCUSSIONS
In order to practically demonstrate the effectiveness and advantages of the proposed configuration, several filters, each corresponding to a mode of operation with ideal switches, were realized and tested with an R&S R ZNB VNA. A photograph of one of the fabricated prototypes is displayed in Figure 9 . The simulated and measured results are presented in Figure 10 . From Figure 10 , a good agreement between simulated and measured results is achieved validating the reconfigurable behaviour in frequency. The stopband frequencies of the filter (case 1) were measured to be f s1 of 3.6 GHz, f s2 of 5.2 GHz, and f s3 of 5.8 GHz, with respective fractional bandwidths of 1.89%, 1.91%, and 1.82%. The small deviation between the measured and simulated results was, most probably, attributed to the dielectric substrate loss and the unpredicted tolerances in the fabrication and soldering of the connectors.
Usually, group delay is used to evaluate the phase response. Ideally, when the phase response is strictly linear, the group delay is constant. The measured group delay characteristic for one of the fabricated prototypes (case 1), shown in Figure 11 , is approximately constant for the frequency range of the filter, and its variation is within 0.5 ns. In the rejection bands, the measured group delay shows fluctuations mainly because of the impedance mismatching , which is around 3.167 ns, 3.082 ns, and 4.1 ns, at 3.75 GHz, 5.18 GHz, and 5.91 GHz, respectively.
The performance comparison of the proposed reconfigurable tri-stopband BSF with those reported in literature is illustrated in Table 3 . It can be seen that the proposed filter provides good performances in terms of high selectivity, very small FBW, and low insertion loss. 
CONCLUSION
In this paper, a novel concept of a compact reconfigurable tri-stopband BSF with sharp-rejections using hexagonal metamaterial cells and switches has been designed, fabricated, and tested. The filter has seven different modes of operation characterized, mainly three types: single, dual, and triple stopbands. The stopband frequencies of the filter (case where all switches are taken OFF) have been measured and are 3.5 GHz, 5.2 GHz, and 5.8 GHz, with respective fractional bandwidths of 1.89%, 1.91%, and 1.82%. The measurement results compared to the simulation ones have shown a good agreement validating the reconfigurable behaviour in frequency. The most application areas of this proposed filter topology are wireless communications, MIMO communication, and RF circuit.
